Conjugated polyelectrolytes: A new class of semiconducting material for organic electronic devices  by Lee, Wonho et al.
at SciVerse ScienceDirect
Polymer 54 (2013) 5104e5121Contents lists availablePolymer
journal homepage: www.elsevier .com/locate/polymerFeature articleConjugated polyelectrolytes: A new class of semiconducting material
for organic electronic devices
Wonho Lee a,c, Jung Hwa Seo b,**, Han Young Woo a,c,*
aDepartment of Nanofusion Engineering, Pusan National University, Miryang 627-706, Republic of Korea
bDepartment of Materials Physics, Dong-A University, 604-714 Busan, Republic of Korea
cDepartment of Cogno-Mechatronics Engineering (WCU), Pusan National University, Miryang 627-706, Republic of Koreaa r t i c l e i n f o
Article history:
Received 2 April 2013
Received in revised form
28 June 2013
Accepted 2 July 2013
Available online 12 July 2013
Keywords:
Conjugated polyelectrolytes
Interfacial layer
Organic electronics
Electronic structures
Electron injection/transport layers* Corresponding author. Department of Nanofusi
Mechatronics Engineering (WCU), Pusan National U
Republic of Korea. Tel.: þ82 55 350 5300; fax: þ82 5
** Corresponding author. Tel.: þ82 51 200 7233; fax
E-mail addresses: seojh@dau.ac.kr (J.H. Seo), hywo
0032-3861  2013 Elsevier Ltd.
http://dx.doi.org/10.1016/j.polymer.2013.07.015
Open access under CC a b s t r a c t
This feature article presents a short review of the recent developments in the synthesis of conjugated
polyelectrolytes (CPEs) along with their applications in organic optoelectronic devices with particular
focus on the molecular structures of CPEs with ionic functionality, synthetic approaches, and their uti-
lization as an interfacial layer. The orthogonal solubility of the CPEs allows the simple preparation of
multilayer organic devices by solution casting on top of a nonpolar organic photoactive layer without
disturbing the interfaces, showing their effectiveness in tuning the electronic structures at the interfaces
for improving the charge carrier transport and resulting device properties. These achievements highlight
the dynamic nature of CPEs and their applicability to a wide range of optoelectronic devices.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Conjugated polyelectrolytes (CPEs) are organic semiconductors
that are characterized by a p-conjugated main backbone and ionic
pendant groups, which exhibit useful optical and electronic prop-
erties as well as solubility in highly polar media, such as alcohol and
water. CPEs have attracted increasing attention for their various
potential applications in optoelectronic devices, optical sensors
(chemo- and biosensors) and biological imaging [1e16].
In particular, CPEs have been studied widely as an interfacial
layer material in organic electronic devices, such as organic light-
emitting diodes (OLEDs), organic ﬁeld effect transistors (OFETs)
and organic photovoltaic cells (OPVCs), etc. [1e5]. The orthogonal
solubility of CPEs allows the simple preparation of multilayer de-
vices by solution casting on top of a nonpolar organic photoactive
layer without disturbing the interface. The cationic or anionic
charged nature of CPEs can help redistribute the electric ﬁelds
within a device and allows them to show permanent dipoles via the
spontaneous orientation on top of either a hydrophobic organicon Engineering and Cogno-
niversity, Miryang 627-706,
5 350 5279.
: þ82 51 200 7232.
o@pusan.ac.kr (H.Y. Woo).
BY-NC-ND license.active layer or hydrophilic metal electrode. This causes an upward
(or downward) shift in the vacuum level on the surface, making it
possible to ﬁne-tune the work function (WF) and energy barrier for
charge carrier injection/transport between the organic active layer
and metal electrodes [17e19]. In addition, the presence of counter
ions in CPEs structures provides another simple way of ﬁne-tuning
the interface properties by changing the different types of counter
ions [20e22]. The substantial improvements in the device charac-
teristics of a range of optoelectronic devices via interface modiﬁ-
cation using CPEs have been reported by many research groups.
Several good reviews on the applications of CPEs in organic elec-
tronic devices have been published by Reynolds, Schanze, Cao,
Scherf and Bazan, etc [1e5]. On the other hand, there are no re-
views on the molecular design and synthetic approaches for
different CPEs with a range of ionic functionality.
This review summarizes the molecular structures and their
synthesis for the various cationic and anionic CPEs prepared thus
far, along with recent research developments by their utilization as
an interfacial layer and a photoactive material in organic electronic
devices, such as OLEDs, OFETs, OPVCs, etc.
2. Synthesis of conjugated polyelectrolytes
CPEs are classiﬁed into cationic and anionic CPEs by the charged
groups of their side chains (ACPEs and CCPEs). Zwitterionic CPEs
Scheme 1.
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groups in their side chains together. Several synthetic routes have
been developed over the past few decades, resulting in structurally
diverse CPEs. Previously reported CPEs are comprised mainly of
polythiophene, poly(p-phenylene) and polyﬂuorene backbones
with ionic functional groups, such as sulfonate (eSO3) carboxylate
(eCO2), phosphate (ePO42), quaternary ammonium (eNR3þ) and
pyridinium salts in the side chains. The physical and electrical
properties of CPEs are determined not only by the hydrophobic
conjugated backbone, but also by the types of ionic functional
groups.
The ﬁrst CPEs were synthesized byWudl in 1987 by introducing
the negative sulfonate groups into the terminal side chains of the
polythiophene backbone (Scheme 1) [23]. P1 was synthesized by
the electropolymerization of a methyl sulfonate-functionalized
monomer 1-1 followed by conversion to water-soluble CPEs via a
treatment with sodium iodide in acetone. P1was insoluble in polar
organic solvents, such as acetone, N,N-dimethylformamide (DMF),
N-methylpyrrolidone (NMP) andmethanol, but soluble inwater. P1
was prepared as an optical quality ﬁlm on a range of substrates by
spin casting from an aqueous solution.
In 1991, Wallow and Novak prepared a carboxylated poly(p-
phenylene) (PPP) via a palladium-catalyzed Suzuki poly-
condensation reaction [24]. They synthesized P2 using a water-
soluble Pd(0) catalyst system that was prepared with PdCl2 and
monosulfonated triphenylphosphine, enabling homogeneous
polymerization of the monomers in water (Scheme 2). P2 was
obtained in acid form by adding dilute HCl to the reaction mixture,
which is insoluble in water and any kinds of organic solvents but
can be dissolved in a dilute basic aqueous solution as its sodium,
potassium or triethylammonium salt.
Early reports contributed tremendously to determining the re-
action conditions for high tolerance for the ionic functional groups
in the starting and ﬁnal CPE structures in water. In 1994, Wegner’s
group reported a synthesis of sulfonated PPP, P3 using a post-
polymerization method (Scheme 3) [25]. The neutral precursor of
P3 was ﬁrst obtained by Suzuki polycondensation between the
sulfonic ester-functionalized dibromide 3-1 and bisboronic ester
3-2. Hydrolysis of the sulfonic ester groups was followed by
the sequential addition of sodium 1-butanolate in 1-butanol and
water to the neutral polymer solution under reﬂux. This ionicSchemefunctionalization after polymerization has several advantages, such
as easy puriﬁcation and characterization of the neutral precursor
polymers using well-known techniques in common organic sol-
vents. The alkylsulfonate-functionalized P4 was prepared in an
opposite manner by Reynolds’s group in the same year (Scheme 4)
[26]. The sulfonate group was introduced before polymerization by
treating 4-1 with 1,3-propanesultone under basic conditions. P4
was polymerized via Suzuki coupling between 4-2 and 4-3 using a
water-soluble catalyst system.
The understanding and synthesis of CPEs were further
extended to other types of CCPEs from the foundation of PPP-based
ACPEs. In 1996, Ballauff and Rehahn reported the synthesis of
cationic ammonium- and pyridinium salts-containing CCPEs, P5
(Scheme 5) [27]. A neutral precursor polymer of P5 was obtained
by Pd-catalyzed polycondensation using the AB-type monomer 5-1
[28]. To achieve an efﬁcient quaternization reaction, iodo leaving
groups were introduced at the ends of the side chains by cleaving
the phenoxy groups with trimethylsilyl iodide. Finally, the iodo-
substituted polymer was treated with an excess of triethylamine
or pyridine in a mixture of chloroform and acetonitrile to afford
the CCPEs, P5, with almost complete conversion into the quater-
nary salts. They also reported highly charged CCPE (P5-1) with four
quaternized tetraalkylammonium functionalities per repeating
unit to improve the water-solubility (Scheme 5) [29]. The Rey-
nolds’s group also synthesized CCPEs based on PPP in 1999
(Scheme 6) [30]. Their synthetic route for quaternization was
opposite to that of previous studies. They ﬁrst introduced the
amine groups in the side chains in place of halide functionalities.
Amine-substituted alkyl groups were introduced to the dibromo-
hydroquinone moiety (6-1) by a treatment with (2-chloroethyl)
diethylamine hydrochloride in the presence of an excess anhy-
drous potassium carbonate. A neutral polymer of P6 was synthe-
sized by Pd(OAc)2-catalyzed Suzuki polycondensation using the
tertiary amine-containing monomer (6-2) and 6-3. The conversion
of tertiary amine into the quaternary ammonium group was ach-
ieved to afford P6 by a treatment with bromoethane (EtBr) in
dimethylsulfoxide (DMSO).
In 2000, Lai and Huang reported another class of CPE, P7, based
on the polyﬂuorene (PF) conjugated backbone (Scheme 7) [31].
They synthesized P7 in a similar manner for the previously re-
ported PPP-based CPEs via Suzuki coupling of the bisboronic ester
monomer (7-1) and amine-substituted phenylene dibromide (7-2).
Bazan et al. suggested another route to PF-based cationic CPEs
by introducing charged side chains to the 9-position of ﬂuorene
rather than phenylene (Scheme 8) [32e35]. To facilitate the qua-
ternization reaction, a bromoalkyl-substituted ﬂuorene monomer
(8-2) was prepared by a treatment of 8-1 with 1,6-dibromohexane
in 50% aq. KOH solution. Excess 1,6-dibromohexane was used to
minimize the cross coupling or intramolecular cyclization (via two
successive substitutions of Br in a single 1,6-dibromohexane
molecule) owing to their bifunctionality. The monomer 8-2 was2.
Scheme 3.
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afford the neutral precursor of P8, and a successive quaternization
reaction was carried out using condensed trimethylamine in
THF/H2O.
The dioxaborolane-substituted ﬂuorene monomer (9-1) was
also synthesized by the lithiation of 8-2 with n-butyllithium fol-
lowed by the addition of 2-isopopoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (Scheme 9) [34,36]. Currently, the synthetic route
using monomer 9-1 has been utilized widely to synthesize a range
of PF-based CCPEs. For example, the availability of 9-1 allows the
preparation of a PF homopolymer (P9) without the phenylene
moiety. In addition, structural modiﬁcation can be achieved easily
to ﬁne-tune the optical and electronic properties of the resultingSchemepolymer by simply replacing the dibromo-functionalized counter-
part, such as 4,7-dibromo-2,1,3-benzothiadiazole (BT) (9-2) as a
comonomer (Scheme 9) [35,37e39]. For the synthesis of random
copolymers, P11 and P12, the BT content was adjusted by changing
the feed ratio, where different degrees of spectral changes (in ab-
sorption and/or emission) could be induced via the intermolecular
aggregation of polymers inwater. This design strategy is often used
to devise CPEs-based ﬂuorescent chemical- and bioassays.
The design and synthesis of various cationic and anionic CPEs
were discussed above. Many types of modiﬁed CPEs have been also
developed based on these strategies (Scheme 10). The thiophene-
based CCPE (P13) and carboxylated ACPE (P14) were synthesized
by electropolymerization and Stille-coupling reactions according to4.
Scheme 5.
Scheme 6.
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Scheme 7.
W. Lee et al. / Polymer 54 (2013) 5104e51215108the method for synthesis of P1 [14,40]. P15 and P16 containing a
triphenylamine moiety were also designed as an interfacial layer to
improve the balance of electron and hole injections in PLEDs [41].
PF-based sulfonated (P17, P18) and carboxylated (P19) ACPEs were
also synthesized using similar approaches to the PPP-based ACPEs
[42e44]. Moreover, zwitterionic CPEs with both anionic andSchemecationic charged groups were synthesized (P20, P21 and P22).
Zwitterionic CPEs do not contain mobile counter ions, resulting in
superior optoelectronic device properties and stability. The motion
of counter ions often creates unwanted space charges [45,46]. In
addition, counter anion exchange is made possible by the post
treatment of synthesized CCPEs with an excess of salts containing8.
Scheme 9.
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changing the counter anions, and conﬁrmed the successful counter
ion exchange by X-ray photoemission spectroscopy (XPS) [47]. The
optical and electronic properties are determined mainly by the
conjugated main backbone, not the charged groups. Therefore, the
PF CCPEs with different counter ions show almost identical ab-
sorption and PL spectra in solution. On the other hand, interchain
contacts and interactions in the ﬁlm state are interrupted by the
presence of different types of counter ions, resulting in different
optical and electrical properties in ﬁlm. The detailed discussions
will be continued in the following section.
3. Electronic properties of CPEs
Recent studies have shown that the CPEs act as electron in-
jection/transport layers in organic electronic devices and allow the
use of stable high work function (WF) cathodes in OLEDs and
OPVCs [2,19,48]. The performance of devices incorporating
CPEs depends strongly on the p-conjugated backbone structure,
type of charged groups and charge-compensating counter
ions, even though it is generally accepted that the pendant ionicfunctionalities have no effect on the electronic structure of the
polymeric backbone. Seo et al., however, recently reported that
CPEs with similar backbones but different counter ions have
markedly different ionization potentials (IPs), electron afﬁnities
(EAs) and vacuum levels, which are intimately related to the
charge injection barrier [20e22].
The electronic properties of CPEs with the same p-conjugated
backbone containing neutral, cationic and anionic pendant groups,
P8N, P8, P17 and P8-BIm4, were examined by ultraviolet photo-
electron spectroscopy (UPS) (Scheme 11) [20]. The shifts in the
vacuum level determined from the secondary cutoff region of the
UPS spectra can yield the magnitude and direction of the interfacial
dipole at the metal/organic semiconductor interfaces [49]. UPS
revealed a lowering of the electron barriers for cationic CPEs (P8
and P8-BIm4) due to the formation of a negative interfacial dipole,
whereas a positive interfacial dipole led to a lowering of the hole
barriers for the neutral precursor and anionic CPE (P8N and P17), as
shown in Fig. 1.
Complete electronic information on the CPE/Au interfaces as a
function of the ﬁlm thickness was obtained by combining the UPS
and XPS data, as shown in Fig. 2 [21]. XPS provides insights into the
Scheme 10.
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equilibration of different Fermi levels on both sides of the interface.
The Br 3d core levels were observed at 70 eV and 67.7 eV for P8N
and P8, respectively, indicating the presence of covalent CeBr
bonds and anionic Br, respectively. The N 1s core level at
w403.3 eV was consistent with quaternized NeC functionalities for
P8 and P8-BIm4, conﬁrming that the ionic side groups remain in
the solid state. XPS and UPS of the ﬁlms revealed the charged
polymers to have different electronic properties compared to the
neutral polymer. The neutral polymer had a higher IP (6.15 eV) than
the cationic (5.84 eV for P8 and 5.76 eV for P8-BIm4) and anionicCPEs (5.72 eV for P17). No signiﬁcant changes in both the interfacial
dipole and band bending were detected for the neutral polymer,
indicating that the neutral polymer/Au interface was essentially
dipole free. In contrast, two cationic polymers exhibited strong
band bending (0.25 eV for P8 and 0.70 eV for P8-BIm4) and
interfacial dipoles (0.73 eV for P8 and 1.43 eV for P8-BIm4) against
that of the anionic polymer (w0.05 eV for P17). The hole injection
barrier (1.44 eV) of P17 was slightly smaller than its electron in-
jection barrier (1.51 eV), whereas P8 and P8-BIm4 had much
smaller electron injection barriers than their hole injection barriers.
This suggests that the choice of a larger counter ion leads to a
Scheme 11.
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pronounced band bending.
Nguyen et al. extended the studies of the electronic properties in
CPEs by investigating both experimentally and theoretically the
transport gaps (ET), exciton binding energies (Eexciton) and molec-
ular dipole moments (P) of CPEs in the solid state [22]. X-ray ab-
sorption spectroscopy (XAS) and X-ray emission spectroscopy
(XES) were used to probe the unoccupied and occupied electronic
states directly. The combined XAS and XES results showed that the
ET of P8N and three CPEs (P8, P17, and P8-BIm4) are different from
their optical gaps (Eopt). A comparison of Eopt and ET provided the
Eexciton for the series of CPEs: 0.74 eV for P8N, 0.71 eV for P8, 0.51 eV
for P8-BIm4, and 0.65 eV for P17 with an error range of 0.05 eV.
The relatively small Eexciton of the CPEs rather than the neutral
polymers was attributed to charge localization and molecular po-
larization. Density functional theory (DFT) calculations revealed
P17 and P8-BIm4 to have the largest P (9.93 and 9.36 Debye,
respectively), whereas the neutral polymer had the smallest P
(3.42 Debye). These experimental and theoretical studies
conﬁrmed that the electronic structures of CPEs are strongly
inﬂuenced by the identity of the pendant charges and counter ions
(Table 1).
4. Applications for organic electronic devices
4.1. Polymeric light emitting diodes (PLEDs)
Introducing CPEs into optoelectronic devices offers new fabri-
cation opportunities and functions. CPEs were recently found toFig. 1. Energy diagrams near the Au/CPE interface in the absence and presence of interfacial
level; EF, Fermi level; fh and fe, hole and electron injection barrier; from Ref. [20]).function as an efﬁcient electron injection/transport layer (EIL/ETL)
in polymer optoelectronic devices [50,51]. The solubility of CPEs in
polar solvents is of great utility, allowing their integration within
multilayer organic devices using solution-processing methods. The
presence of ionic functionality in the CPEs is of particular signiﬁ-
cance, with the effect of redistributing electric ﬁeldswithin a device
due to ion motion and modifying the WF of the electrode through
the alignment of dipole layers at organic/metal interfaces. The
application of CPEs in polymeric light emitting diodes (PLEDs) has
been successful and several detailed reviews covering this topic
have been published. This section brieﬂy summarizes the de-
velopments of this ﬁeld and focuses on the recent research ac-
complishments that have not been covered in previous reviews. For
a more detailed history of the use of the CPEs in PLEDs, the reader is
referred to the excellent reviews by Reynolds, Schanze [3], Cao [4],
Scherf [5], and Bazan [1,2].
Brieﬂy, blue light emitting devices based on a rigid-rod sulfonated
PPP-based CPE P23, with Hþ, Naþ, tetradecyltrimethylammonium
(NþC14H29(CH3)3) counter ions were reported in 1996 [52]. The ITO/
P23/Al deviceswith P23 as an electroluminescent active layer turned
on at a low onset voltage (3.3 V), the external quantum efﬁciency
reached up to 0.8% and the counter ion had a signiﬁcant effect on the
electrical characteristics. Thünemann et al. also reported similar re-
sults of CPEs in PLEDs [53]. Although various backbones with
different counter ions, P4eP6 and P15e16, were developed and used
as electroluminescent layers (EMLs) in PLEDs with the conﬁguration,
ITO/CPE/Al, the performance of the PLEDs based on CPEs reported
was poor [54,55]. The efﬁcient PLED using CPEs as emissive layers is
still a challenge because the strong interchain interactions due to the
existence of polar or ionic charged side groups hinder the lumines-
cence efﬁciency.
The use of thesewater/alcohol-soluble CPEs as EIL/ETLs in PLEDs
opened new research ﬁelds, which led to remarkable improve-
ments in the device performance [46]. In 2004, Cao et al. revealed
the electron injection and/or transporting characteristics of P24
containing Br and I counter ions with the device conﬁguration,
ITO/PEDOT/poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV)/P24 or P24eI (3e20 nm thick)/Al
[56]. They reported that a bilayer cathode consisting of P24 and Al
layers effectively injects electrons into an electroluminescent layer
(MEH-PPV) and improves the device performance of PLEDs, which
is comparable to the devices using the low WF cathodes (Ca/Al or
Ba/Al). It was proposed that the mechanism for the improveddipoles (D, interfacial dipole; IP, ionization potential; EA, electron afﬁnity; Evac, vacuum
Fig. 2. Energy level alignments of (a) P8N, (b) P17, (c) P8, and (d) P8-BIm4 interfaces. The energy unit is eV (Vb, band bending; from Ref. [21]).
W. Lee et al. / Polymer 54 (2013) 5104e51215112device performance was a lowering of the electron injection barrier
via a shift in the vacuum level resulting from an interfacial dipole at
the CPE/Al interface. Similar improvements in electron injection
were later reportedwith P25 [57], P27 [58], P28 [59], P29, P30 [60],Table 1
The ionization potential (IP), electron afﬁnity (EA), energy gap (E0) in a gas-phase,
transport gap (ET), polarization energy (EP), optical gap (Eopt), exciton binding en-
ergy (Eexciton) and molecular dipole moment (P) of conjugated polymers obtained
from the experimental and theoretical results (from Ref. [22]).
P8N P17 P8 P8-BIm4
IP [eV] 5.46 5.43 5.32 5.53
EA [eV] 1.10 1.58 1.10 1.77
E0 [eV] 4.27 3.85 4.22 3.76
ET [eV] 3.72  0.05 3.60  0.05 3.67  0.05 3.46  0.05
EP [eV] 0.55  0.05 0.25  0.05 0.55  0.05 0.30  0.05
Eopt [eV] 2.98 2.95 2.96 2.95
Eexciton [eV] 0.74  0.05 0.65  0.05 0.71  0.05 0.51  0.05
P [Debye] 3.42 9.93 7.46 9.36
E0 ¼ IP  EA, EP ¼ E0  ET, Eexciton ¼ ET  Eopt.P31 [61], P21 [62], and P32 (Scheme 12) [63]. The use of CPEs in
PLEDs has developed rapidly with signiﬁcant progresses being
achieved in recent years.
Bazan et al. examined a series of structural modiﬁcations
involving the conjugated backbone, charged pendant groups and
counter ions in efforts to optimize the integration of CPEs in PLEDs;
P26 (2005) [62], P9 (2006) [47], P10, P8, P17 (2007) [64], P8eF
(2010) [65]. The response time of an ITO/PEDOT:PSS/MEH-PPV/P8-
BIm4/Al device was strongly dependent on the applied voltage
[66]. They reported a slow response time upon the incorporation of
P8-BIm4, in which mixed ionic and electronic conduction was
involved. In addition, the response time of the ITO/PEDOT:PSS/
poly(9,9-dioctylﬂuorene-2,7-diyl) (PFO)/P8-BIm4/Al device corre-
lated with the thickness of the P8-BIm4 layer, and a steeper
response was observed as the thickness of the CPE layer decreased.
Based on previous works, they further proposed a model for elec-
tron injection from a bilayer cathode consisting of a CPE and high
WF metal (Al), where ion motion plays a major role [67]. Their
model suggested that holes accumulate at the interface between
MEH-PPV and P8-BIm4 due to the modiﬁed electronic levels and
Scheme 12.
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Fig. 3. (a) Device resistance (R) from IDSeVDS curves (0 < VDS < 10 V, VG ¼ 60 V) for PC61BM-based OFETs with and without CPE layers. (b) Schematic energy levels in the presence of
an interfacial dipole (from Ref. [17]).
W. Lee et al. / Polymer 54 (2013) 5104e51215114band structures. As a result, the electric ﬁeld across the MEH-PPV
and P8-BIm4 layers was screened and the electron injection bar-
rier decreased dramatically with efﬁcient electron injection from
high WF metals. Later studies of electro-absorption spectroscopy
also showed that the electric ﬁeld in EML was screened by hole
accumulation [68]. Quantitative interface characterization of
organic/organic interfacial widths in the CPE-containing bilayers
was also investigated by resonant soft X-ray reﬂectivity (RSoXR)
[69]. The interfaces of the CPE/MEH-PPV bilayers were quite
smooth and sharp, indicating that the MEH-PPV layer was not
disturbed much by casting the CPE layer from an orthogonal polar
solvent. The chemical interdiffusion due to casting was limited to
<0.6 nm.
Recently, conjugated oligoelectrolytes (COEs) have been used
as EILs/ETLs in PLEDs [70,71]. The characterization of PLEDs with aFig. 4. Electrical transfer (blue line) and optical transfer (red circle) characteristics of the
device (without CPE layer) for comparison. CPE layers were spin cast from various solution
MEH-PPV layer. All devices were annealed at 150 C for 15 min. Arrows show forward and
(from Ref. [74]).COE (P33) layer by atomic force microscopy (AFM) revealed a
complex surface topography, which became smoother closer to
the metal contact [72]. The COEs exhibited dewetting, which was
found to proceed via nucleation and propagation from an initial
instability. These structural studies provided a more complete
picture of the micro- and nano-structural features of injection
layers based on the COEs and CPEs, and opened new opportunities
to utilize these materials for applications in optoelectronic
devices.
4.2. Organic ﬁeld effect transistors (OFETs)
One major constraint that needs to be overcome to maximize
the device performance of n-type OFETs is the poor electron in-
jection between the sourceedrain metal electrodes and the activeOLETs with a conﬁguration of Si/SiO2/OTS/PBTTT/MEH-PPV/P8-BIm4/Au. (a) A control
s with changing the CPE concentration: (b) 0.02%, (c) 0.2%, and (d) 0.5% on top of the
reverse scans (VDS, sourceedrain voltage; IDS, sourceedrain current; VG, gate voltage)
Scheme 13.
W. Lee et al. / Polymer 54 (2013) 5104e5121 5115layer. Facile electron injection can be achieved using lowWF metal
electrodes, such as Ca, Ba and Mg. On the other hand, low WF
metals are air sensitive with the associated degradation of the
device performance [73]. Seo et al. reported a decrease in contact
resistance and improvements in electron mobility in n-type OFETs
by incorporating a stable high WF metal and ultrathin CPE layers
[17]. The CPE layers of P8, P8-F and P8-BIm4were deposited from
methanol solutions on top of a [6,6]-phenyl-C61-butyric acid
methyl ester (PC61BM)/SiO2/Si layer followed by the thermal
evaporation of Au electrodes. The electron mobility (w102 cm2/
V s) obtained from PC61BM OFETs with Au electrodes and the ul-
trathin CPE layers approached the values obtained using low WF
electrodes (Al and Ca). The nature of the counter ions had only a
small inﬂuence on the device performance. An examination of the
electric characteristics of PC61BM-based OFETs with a thicker CPE
layer (w20 nm), revealed high off currents, unsaturated source-
drain current (IDS) at the gate voltage (VG) ¼ 0 V and a shift in the
IeV characteristics, indicating ion motion across the CPE layer.
These observations were attributed to a redistribution of the elec-
tric ﬁeld away from the most desirable conditions and the corre-
sponding loss of device performance. Contact resistance studies of
the devices with thin CPE layers showed much lower values
(0.42 MU for P8-F/PC61BM) than the control device (13.5 MU), as
depicted in Fig. 3a. The thin CPE layer caused a downward shift in
the vacuum level at the interface, a decrease in the LUMO and a
reduced electron injection barrier (Fig. 3b). These phenomenawere
expected from the aligned interfacial dipole layer directed from the
metal to the organic semiconductor.Fig. 5. (a) JeV characteristics of PCDTBT:PC71BM devices with no CPE layer (black) and
thin layers of P36 (blue) and P37 (red) under illumination of an AM 1.5G solar simu-
lator (100 mW/cm2). Methanol (green) was spin cast on top of the active layer for
comparison. (b) IPCE spectra of BHJ solar cells (from Ref. [48]).4.3. Organic light emitting transistors (OLETs)
As the knowledge of OLEDs and OFETs has increased, new ap-
plications of CPEs have become possible, such as organic light
emitting transistors (OLETs). Solution-processed multi-color emit-
ting OLET fabrication by incorporating CPE layers was reported
recently by Bazan, Heeger and coworkers. A tri-layer OLET archi-
tecturewas introduced, consisting of a hole transporting layer (poly
[2,5-bis(3-tetradecylthiophene-2-yl)thieno[3,2-b]thiophene]
(PBTTT)), emissive layer (MEH-PPV) and CPE layer (P8-BIm4) as an
electron injection layer [18,74]. In this architecture (Si/SiO2/OTS/
PBTTT/MEH-PPV/P8-BIm4/Au), improved electron injection was
observed using a thin CPE layer beneath the highWF electrode (Au).
All devices showed typical p-type transistor characteristics with no
indication of ambipolar operation (Fig. 4), which is a requirement
for balanced charge carrier transports and efﬁcient light emission.The performance of the device treated with dilute P8-BIm4 solu-
tions (m w 0.1 cm2/V s and on/off current ratio w 107) was com-
parable to that of the control device with no CPE layer. The effect of
the CPE thickness on the characteristics of the OLET devices was
W. Lee et al. / Polymer 54 (2013) 5104e51215116also examined. The transfer characteristics of the OLETs with higher
loadings (0.2% and 0.5% P8-BIm4 solutions) exhibited higher off
currents and mismatch between the forward and reverse scans
(Fig. 4). Large hysteresis was observed for the devices with highly
concentrated P8-BIm4 solutions. The hysteresis increased pro-
gressively, whereas the on/off current ratios decreased with
increasing CPE concentration. Such hysteresis was detrimental to
the transistor functions due to charge trapping in the deep states,
dipole rearrangement and/or mobile ion accumulation. The
maximum observed brightness was 112, 639 and 82 cd/m2,
whereas the luminescence efﬁciencies were 0.002, 0.01 and
0.008 cd/A for OLETs containing a CPE layer from solutions of 0.02%,
0.2% and 0.5% P8-BIm4, respectively. Electron injection from the
CPE/Au electrode was found to be an essential criterion for light
emission, even though electron transport across the channel was
negligible. The complications associated with ion motion and
electric ﬁeld redistribution could be avoided when the ion-
containing CPE layer was sufﬁciently thin. Therefore, the bright-
ness was optimized by selecting a proper CPE layer thickness. These
achievements further highlight the dynamic nature of CPEs and
their applicability to a wide range of optoelectronic devices. There
are few examples for other CPE structures utilized as an active and/
or interfacial layer in organic semiconducting devices, except the
polyﬂuorene-based ones. Similarly structured polyﬂuorene CPEs
with different counter ions have been studied for application in
various organic electronic devices. Readers who are interested in
these materials and their functions are encouraged to refer to Refs.
[1,2,4].
4.4. Organic photovoltaic cells (OPVCs)
Organic solar cells based on solution-processed bulk hetero-
junction (BHJ) systems are a promising technology for low-cost
energy conversion devices. The recent progress with BHJ solar
cells involving blends of conjugated copolymers and fullerene de-
rivatives is noteworthy. In particular, materials design, interfacial
control, self-assembled morphology optimization of blended ﬁlm
and efﬁcient device architectures have been developed to improve
the power conversion efﬁciencies (PCEs). The PCE is determined by
fundamental quantities, such the short circuit current (JSC), open
circuit voltage (VOC) and ﬁll factor (FF). The pursuit to optimize
these parameters has led to considerable efforts in interfacial en-
gineering with a wide range of materials, including thermally
deposited thin ﬁlms, self-assembled monolayers, metal oxides, etc.
[75e78]. Recently, it was reported that CPEs could function quite
effectively as interfacial layers in solar cells.
The ability of CPEs to modify the electronic levels and band
structures, as well as their successful applications in OLEDs, OFETs
and OLETs, make them promising candidates as electron extrac-
tion layers in OPVCs. Recently, polyﬂuorene-based CPEs and the
related materials have been introduced between the active layer
and cathode in BHJ devices to increase the VOC [79e81]. The
introduction of polyﬂuorene-based CPEs, P8, P34 and P35 led to
an improved VOC and elevated PCE ofw4% for P3HT-based organic
solar cells. A further high PCE was reported by incorporating ul-
trathin polythiophene-based CPEs (Scheme 13) between the poly
[N-900-heptadecanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-Fig. 6. (a) JeV characteristics of PCDTBT:PC71BM devices with (solid circles) and
without the P32 interlayer (open circles) measured under 1000 W/m2 AM 1.5G illu-
mination. The solid lines represent simulated JeV characteristics obtained from nu-
merical modeling. (b) JeV characteristics of devices with (solid circles) and without the
interlayer (open circles) in the dark. (c) EQE spectra of solar cells with (solid circles)
and without the P32 interlayer (open circles) (from Ref. [81]).
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ester (PCDTBT:PC71BM) and the metal electrode [48]. The poly-
thiophene backbones of P36 and P37 have an HOMO energy in the
order of 5 eV, which is close to the WF of PEDOT:PSS and HOMO
level (5.5 eV) of PCDTBT [82,83]. P36 and P37 facilitated electron
extraction and substantially improved the PCE of BHJ devices
when placed adjacent to an electron-collecting Al electrode, as
shown in Fig. 5. All the devices with polythiophene-based CPE
interlayers were characterized by their enhanced VOC, as high as
0.89  0.01 V, whereas only a moderate VOC of 0.82  0.01 V was
observed in the control device (without interlayer). In addition to
the enhanced VOC, the JSC and FF of the devices with the CPE in-
terlayers were also increased over the control devices, resulting in
a high PCE up to 6.5% (Fig. 5). The measured water contact angle
revealed the hydrophobic surface of PCDTBT:PC71BM, and the
hydrophilic surfaces of the P36 and P37 layers on top of
PCDTBT:PC71BM. The block copolymer P37 provided a more polar
surface despite the presence of a hydrophobic polyﬂuorene
segment. The block copolymer P37 exhibited a unique tendency to
self-assemble into two-dimensional layered aggregates, however,
the self-assembly of P37 did not dramatically affect its function as
an interfacial dipole layer and it was found to yield similar device
characteristics as the thiophene-based homopolymer, albeit with a
slightly larger VOC.
Cao et al. recently conﬁrmed the enhancement in VOC, JSC and FF
using a P32 layer for PCDTBT:PC71BM-based BHJ devices, which led
to a high PCE of 6.73% [81]. The incorporation of a P32 interlayer
revealed simultaneous improvement in VOC (0.90 V vs. 0.70 V), JSC
(12 mA/cm2 vs. 11.4 mA/cm2) and FF (62% vs. 49%), resulting in
signiﬁcant enhancement in the PCE (6.55% vs. 3.90%) compared to
the control device (without an interlayer), as shown in Fig. 6. Kelvin
probe microscopy was used to probe the surface potential changes
directly upon the incorporation of the P32 interlayer. The surface
potential was uniform over the active layer and interlayer areas, but
the surface potential of the interlayer area was approximately 0.3 V
more positive than that of the active layer without the interlayer.
The difference in surface potential indicated a microscopic electric
dipole alignment within the CPE layer with the positive and
negative pole pointing toward the Al electrode and active layer,
respectively. The interfacial dipoles were aligned by the built-in
potential (Vbi) originating from the asymmetric contact at the
electrodes. The incorporation of the P32 interlayer not only
increased the Vbi, but also induced a strong electric ﬁeld at the
active layer/cathode interface, which might strongly affect charge
extraction and transport. This approach for enhancing VOC and Vbi
by inserting an interfacial dipole layer was applied successfully to
other material systems. A very high PCE (8.22%) of the BHJ solar
cells based on the thieno[3,4-b]-thiophene/benzodithiopheneFig. 7. Device performances of the inverted (ITO/P32/PTB7:PC71BM/MoO3/Al) and the conve
1000 W/m2 AM 1.5G illumination for conventional (black) and inverted (red) devices. (b) E
characteristics of the inverted PTB7:PC71BM solar cell, showing a PCE of 9.214% (from Ref. [polymer, PTB7 and PC71BM was obtained by introducing the P32
cathode interlayer.
Most recently, the highest PCE over 9% was demonstrated from
the inverted solar cells with the CPE interlayer adjacent to the ITO
substrate (Fig. 7) [84]. The use of a thin P32 layer (10 nm) reduced
the WF of ITO from 4.7 eV to 4.1 eV, as conﬁrmed by UPS. Although
the microscopic origin of this reduction in the effective WF of ITO
was unclear, they suggested that the major cause for the energy
level alignment at the ITO/P32 interface was the formation of an
interface dipole at the ITO surface as a result of the orientation of
P32 with a permanent dipole [20,49]. They also suggested that a
universal model for the energy level alignment of molecules on
metal oxides, inwhich Fermi level pinning plays a key role in tuning
the energy alignment of a metal oxide [85]. As a result of the abrupt
shift in vacuum level at the interface, the modiﬁed ITO can form
ohmic contact with a photoactive layer, and be used as a cathode for
inverted-structure OPVCs to facilitate the transport and collection
of photo-generated charge carriers.
Although CPEs have been applied widely as electron extraction
layers in solar cells, they have also been reported to have other
functions [86]. Fig. 8 shows the chemical and electronic modiﬁca-
tion of the ITO/PEDOT:PSS electrode for inverted OPVCs by incor-
porating cationic polythiophene (P3PHTþBr) [87]. Two routes to
deposit hybrid P3PHT/PEDOT:PSS ﬁlms were established: (i) the
electrostatic layer-by-layer (LbL) assembly of P3PHT with colloidal
suspensions of anionic cPEDOT:PSS on the ITO electrode, and (ii)
the electrostatic P3PHT deposition atop of an electrochemically
prepared anionic cPEDOT:PSS ﬁlm coated on ITO. The hybrid ﬁlms
were found to modify the WF of ITO to a level suitable for appli-
cations as a cathode in inverted P3HT:PC61BM solar cells. Inverted
OPVCswith LbL assembled (P3PHT/cPEDOT:PSS)5 layers exhibited a
photovoltaic performance comparable to the devices with other
interfacial materials while showing long-term stability over
w500 h.
Kim et al. also utilized a TiOx/CPE layer as an ETL in inverted
OPVCs with a device conﬁguration of FTO/TiOx/P8/P3HT:PC61BM/
MoO3/Au [19]. The device with the TiOx/CPE layer showed sub-
stantially improved device performance compared to the device
with the CPE layer, as shown in Fig. 9. The surface of the TiOx/P8
layer was smoother than that of pristine TiOx, as conﬁrmed by
AFM. In addition, contact angle measurements showed that the
surface of TiOx/P8 (50) was more hydrophobic than that of
pristine TiOx (33). Such a smoother and more hydrophobic
surface of the TiOx/P8 layer allowed better compatibility between
the organic active layer and inorganic TiOx, as well as improved
the contact between them. In addition, the increased JSC was
conﬁrmed by photoluminescence (PL) measurements of
P3HT/P8/TiOx ﬁlms. More pronounced PL quenching (w25%ntional devices (ITO/PEDOT:PSS/PTB7:PC71BM/P32/Ca/Al). (a) JeV characteristics under
QE spectra for conventional (black) and inverted (red) devices. (c) CPVT-certiﬁed JeV
84]).
Fig. 8. (A) Quaternization of P3BHT with pyridine to synthesize P3PHTþBr. (B) LbL
assembly of P3PHTþBr with (cPEDOT:PSS)Naþ on an ITO substrate. The depiction of
the (P3PHT/cPEDOT:PSS)n multilayer illustrates the components deposited in each
bilayer (separated by dashed lines) (from Ref. [87]).
Fig. 9. (a) JeV characteristics and (b) EQE of FTO/TiOx/active layer/MoO3/Au devices
with and without the CPE layer (from Ref. [19]).
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layer between the P3HT and TiOx layers, indicating more efﬁcient
electron transfer from P3HT to TiOx in the presence of the P8
layer. During the formation of the TiOx/P8/P3HT:PC61BM layer,
the hydrophobic p-conjugated polymer backbone (with cationic
side chains) of P8 was located preferentially at the side of the
organic active layer, whereas the negative Br counter ions were
located near the hydrophilic inorganic TiOx [17,88]. Such orien-
tation also led to the formation of permanent dipoles at the TiOx/
active layer interface.
Lee, Kang and coworkers reported WF-engineered graphene
ﬁlms with an interfacial dipole layer (P35) to increase the Vbi
and improve charge extraction [89]. They tuned the WF of gra-
phene electrodes as cathodes in the inverted OPVCs. Fig. 10
shows a comparison of the changes in the effective WFs
induced by different interfacial layers. The measured WF of the
untreated graphene ﬁlm was 4.58  0.08 eV, which was changed
to 4.33  0.03 eV when the interfacial dipole layer of P35 was
deposited on the graphene layer. WF tuning improved the
matching between the WF of graphene and the LUMO of
PC61BM (4.2 eV), increasing the Vbi and charge collection efﬁ-
ciency. The best photovoltaic performance was obtained with
P35, showing a JSC of 6.61 mA/cm2, VOC of 0.57 V, FF of 0.33 and
PCE of 1.23%.
Fig. 10. (a) Schematics of an inverted OPVC with the work function engineered multilayer graphene (MLG) electrode. (b) Effective work functions of MLG ﬁlms with interfacial
dipole layers. (c) Energy level diagram and (d) JeV characteristics with and without the various interfacial layers (from Ref. [89]).
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In this review, special attention was paid to the structural
design, synthesis of various CPEs with ionic functionalities and
recent progresses in their applications in organic optoelectronic
devices. Recently, CPEs have been studied widely as an interfacial
layer material in a range of devices. The ionic CPEs can be dissolved
in highly polar solvents and their orthogonal solubility allows ﬁlm
casting on top of the organic layer to prepare multilayer organic
devices. The dipole orientation in the CPE layer modiﬁes the elec-
tronic structures at the organic and inorganic interfaces. The
presence of counter ions in the CPEs provides greater versatility to
tune the interface properties by exchanging the counter ions.
Successful modiﬁcation of the WF of metal electrodes, electric ﬁeld
redistributionwithin a device, and energy barrier for charge carrier
injection/transport have been reported by many research groups,
showing substantial improvements in the device properties in
OLEDs, OFETs, and OPVCs. Recent advances have highlighted the
great potential of CPEs as a new electronic material, and also
opened new avenues for their applications to a wide range of op-
toelectronic devices.
Despite a wide range of possible combinations of conjugated
polymer backbones and ionic functionalities, a very limited number
of conjugated backbones have been investigated for application as
an active and/or interfacial layer in optoelectronic devices. Most
previous studies have focused on the cationic polyﬂuorene-based
polymers (with quaternized ammonium salts) and the extent to
which the conjugated backbone and ionic group structures affect
the function of CPEs remains largely unknown. There remains a
glaring absence of CPEs used as a hole injection/transport material,
although many examples of CPEs have been reported to adjust the
work function at interfaces for facilitating electron injection/extraction. In addition, very limited studies have been published on
negatively functionalized CPEs for application in optoelectronic
devices. It is noteworthy to mention that a plenty of aspects of CPEs
still remain to be explored. Given their successful applications in a
variety of semiconducting devices, it seems likely that new and
ingenious uses for CPEs will continue to emerge, based on the
deep and clear understanding of their properties and working
mechanisms.
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